Liver carcinogenesis was initiated in young rats by diethylnitrosamine/partial hepatectomy and promoted by dietary 2-acetylaminofluorene (for 4 weeks). Eight weeks after initiation, hepatocytes were isolated by means of collagenase perfusion and analyzed by means of flow cytometry. Whereas cells and cell nuclei from normal or hepatectomized livers were predominantly tetraploid, most of the hepatocytednuclei from carcinogen-treated rats were diploid. Neoplastic liver nodules and hepatocellular carcinomas also contained almost exclusively diploid nuclei, suggesting that diploidization may be an essential feature of liver carcinogenesis. Two-parametric analysis (simultaneous flow cytometric determination of DNA and protein content within the same cell) revealed that the diploid cells were only half as big as the tetraploid cells. They could therefore be separated from the latter by centrifugal elutriation. Normal, isolated hepatocytes responded to amino acid deprivation by increasing their rates of autophagic sequestration (measured with electroinjected ("C)sucrose as a probe) and endogenous protein degradation, the resulting protein loss eventually leading to cell death. Hepatocytes from carcinogen-treated rats were much less responsive to amino acid deprivation, preserved their protein better, and survived for longer periods of time in culture than did normal cells. The reduced autophagic responsiveness may conceivably give carcinogen-altered cells a survival advantage even in viva, that could contribute to their outgrowth during carcinogenesis.
INTRODUCTION
Chemically induced rat liver carcinogenesis proceeds through a sequence of reasonably identifiable stages: 1) Initiation and fixation of genetic damage; 2) selective outgrowth of genetically abnormal cell clones (detectable histochemically as phenotypically altered cell islands or foci), often promoted by chemical or dietary treatment that favors aberrant phenotypes; 3) formation of progressively growing, promoter-independent noduIes; and 4) hepatocellular carcinoma (I, 9) .
Although a large number of histochemical alterations have been described in all the three major types of lesion (foci, nodules and tumors), the relevance of the various changes to the process of carcinogenesis is not clear. It is dificult to assess the functional significance of such alterations without experimental investigations at the cellular level.
Our approach has therefore been to isolate intact hepatocytes from different stages of carcinogenesis and study their cellular and biochemical properties under controlled conditions, applying cell culture methodology and flow cytometric techniques. These studies have revealed that already at 8 weeks after the initiation of carcinogen treatment the isolated hepatocytes show significant alterations in DNA content (ploidy) (1 2), autophagic protein degradation (1 5) , and receptor-mediated asialoglycoprotein endocytosis (1 6) .
METHODS
Carcinogen Treatittent. Four-week-old male rats (Wistar or Wistar-Kyoto, 70-100 g) were partially (70%) hepatectomized (PH) and injected with 50 mg/kg diethylnitrosamine (DENA) 24 hr later. After 1 week on basal diet the animals were given 0.02% 2-acetylaminofluorene (AAF) in the food for 4 weeks. After another 3 weeks they were sacrificed and used for preparation of hepatocytes (1 2).
This treatment regimen combines the maximal initiating efficiency of PH + DENA (9) with the promotiodselection effect of AAF (l), resulting in hepatocellular carcinoma in all animals within 5-9
months. There was no detectable necrosis or oval cell hyperproliferation at any of the early stages of carcinogenesis. Hepatocyte Isolation. Hepatocytes were prepared by collagenase perfusion of the isolated liver, and Vol. 14, No. 3, 1986 PLOIDY IN LIVER CARCINOGENESIS 343 purified by differential centrifugation (1 7). The final cell suspensions contained 3-5% aggregated nonparenchymal (mostly Kupffer) cells, but no bile ductular or oval cells (1 5) . The final yield was 30-40%
of the initial number of hepatocytes (17), with size and ploidy distributions representative of the initial cell suspension. Persistent nodules did not dissociate, and could be isolated by filtration or forceps. The hepatocytes were incubated as shaking suspensions for short-term experiments, or as monolayer cultures for long-term experiments (1 5).
Transplaritation. Hepatocytes isolated from carcinogen-treated Wistar-Kyoto rats at 8 weeks (or from untreated control rats) were injected into a portal tributary vein of young (1 50 g) syngeneic recipients. Approximately one million cells were injected immediately following a 70% PH. The recipients were given dietary phenobarbital as a promoter for up to 4 months, beginning 2 weeks prior to transplantation (3).
Flow Cytonietry. Single-and two-parameter analysis of DNA and protein in fixed and stained cells or nuclei was performed with a home-made flow cytometer by methods previously described in detail (11, 12) .
Centrifiigal Eliitriation. Hepatocyte suspensions were fractionated according to cell size into five fractions, using the Beckman J6M centrifuge and the JE-1OX elutriation rotor as described elsewhere (1 3).
Measiireriierit of Aiitophagy arid Protein Degradation. Autophagic sequestration was measured with electro-injected (14C)sucrose as a probe (1 9), and protein degradation as the release of (14C)valine from labelled protein (20) .
Enzyme arid Receptor Measiirenierits. Previously published procedures were used for asialoglycoprotein receptor determination (1 6), gamma-glutamyltranspeptidase (GGT) cytochemistry (6) and various enzymatic assays (1 3).
RESULTS AND DISCUSSION
Isolatiori of Hepatocytes fioni Carcinogen-Treated Rats. Livers from carcinogen-treated/hepatectomized rats were fully regenerated at 8 weeks, and had a normal macroscopic appearance (1 5) . Isolated cells could easily be prepared from such livers by collagenase perfusion, and the hepatocytes purified by differential centrifugation (17). Thirty to forty percent of the hepatocytes were recovered and showed size and ploidy distributions as well as functional and enzymatic properties representative of the initial liver dissociate, i.e., no selection occurred during purification.
The only non-hepatocytic cells present to any significant extent in the final cell suspensions were occasional Kupffer cell aggregates (Table I) . Hepato-cytes were easily recognizable in the light microscope by their size, refractility, and yellow-brown color; non-parenchymal cells were small and pale. Bile ductular and ova! cells (identifiable by a positive GGT reaction) were seen occasionally in purified preparations of non-hepatocytic cells (1 5), but never in the hepatocyte suspensions.
Focal phenotypic alterations are well developed at this stage of carcinogenesis (9), and significant changes could be seen in the total cell suspensions as well ( Table I) . As many as 35% of the hepatocytes in carcinogen-treated Wistar rats, and 15% in Wistar-Kyoto rats stained positively for GGT, compared to 3% and 0% in the respective controls ( 1 5).
(Note that histochemical analysis is easier to quantify in cell suspensions than in tissue sections.) In contrast, the concentration of surface receptors for asialoglycoproteins was strongly diminished (1 6).
Other properties, such as the activities of several enzymes (acid phosphatase, cathepsin B, and 5' nucleotidase), protein synthesis, or degradation of short-lived protein were not significantly altered.
Carcinogeti-Iudiiced Alleratiom in Cell Size and Ploidy Distribiitiom.
Flow-cytometric determination of the DNA content of mithramycin-stained hepatocytes revealed five peaks from left to right as a function of increasing channel number corresponding to diploid (2N), diploid in S-phase (2-4N), tetraploid (4N), diploid-tetraploid two-cell aggregates plus a few tetraploid S-phase cells (4-8N), and octoploid cells (8N), respectively ( Fig. 1 ). Untreated and partially hepatectomized Wistar rats, 8 weeks after operation, showed the same pattern: a predominantly tetraploid hepatocyte population (approximately 85%), with approximately 10% diploid and about 5% octoploid cells. Table I shows these values corrected for aggregate formation (1 2).
Treatment with a single carcinogen, either DENA or AAF, resulted in a significant increase in the diploid cell fraction (12) . In Wistar rats receiving both carcinogens, the diploid hepatocytes were predominant or about 75% at 8 weeks, with tetraploid and octoploid cells contributing approximately 25% and 2%, respectively ( Fig. lB, Table I ). The cell classes in this case were calculated from the nuclear ploidy distributions, due to insufficient knowledge about the frequency of diploid two-and three-cell aggregates (12) .
Flow-cytometric measurements of cellular protein distributions by fluorescein staining, also showed a striking difference between normal and carcinogen-treated rats (1 2), and a two-parametric analysis revealed that cells with low DNA content had low protein content, and cells with high DNA content had high protein content (Fig. 2) . In other words, the analysis resolved a subpopulation of large, tet-344 SEGLEN, SCHWARZE, AND SAETER TOXICOLOGIC PATHOLOGY 3.5 f 0.5 (5) 5.1 f 0.2 (5) raploid hepatocytes, and a subpopulation of small, diploid hepatocytes-the latter group being greatly expanded in the carcinogen-treated livers. Separation of Diploid and Tetraploid Hepatocytes by Centrifugal Elirtriation. Since tetraploid hepatocytes were found to be twice as large as diploid hepatocytes and contained twice as much protein, separation by centrifugal elutriation according to size, was attempted. Fig. 3 shows that it was indeed possible to elutriate fractions highly enriched in diploid (Fig. 3A) or tetraploid (Fig. 3B) hepatocytes. The purified diploid and tetraploid cells had mean diameters of 17.3 k 0.1 pm and 22.6 k 0.2 pm respectively, corresponding to cell volumes of 2,700 and 6,000 pm3. Both cell classes exhibited a characteristic hepatocyte morphology as well as specific markers like asialoglycoprotein receptors (1 6) . Since more than 90% of the diploid hepatocytes were estimated to be present as a result of the carcinogen treatment (12) , the elutriation-isolated fraction 2 may in fact represent a substantially purified preparation of carcinogen-induced cells.
Nuclear Ploidy Patterns in Hepatocyte Sicspensions, Nodirles, Carcinoims, and Cellirlar Heterotransplants. When hepatocyte nuclei were analyzed by flow cytometry the picture became somewhat simpler than with whole cells. Two sharp and well-separated peaks were seen corresponding to diploid and tetraploid genomes (Fig. lC, D) . The proportion of diploid nuclei was always higher than the proportion of diploid cells, because some functionally tetraploid cells contained two diploid nuclei. With knowledge of the percent of binucleated cells it is possible to calculate the size of the various cell classes from the nuclear distributions. This is useful in the case of carcinogen-treated rats (Table I) , in which variously-sized aggregates of diploid cells precluded an exact analysis of whole-cell distributions (12) .
Analysis ofnuclei is essential for the study of solid tumors and persistent nodules, which cannot be easily dissociated by the collagenase perfusion technique. In persistent nodules, detectable from 8 weeks on, the percentage of diploid nuclei was consistently at an abnormally high level (Table 11 ). The number of intermediate, S-phase nuclei was high, in accord a x e with the elevated growth rate of the nodules, giving a total diploid nuclear fraction of 85% in Wistar rats (12) and about 80% in Wistar-Kyoto rats ( Table 11 ). The primary hepatocellular carcinomas analyzed to date have, on an average, been 8590% diploid hepatocytes (Table 11 ).
The inbred Wistar-Kyoto strain could also be used for transplantation studies. Recipient livers regularly produced nodules and tumors after intraportal injection of hepatocytes from carcinogen-treated donors, but never after injection of control cells. As shown in Table 11 , nodules and tumors originating from transplanted cell suspensions were predominantly (70-90%) diploid. The ploidy of these lesions was particularly striking against the normal tetraploid background. Thus, diploidy is a consistent phenomenon in our experimental system as well as in various other carcinogenic regimens (5, 21, 23) FIG. 3.4eparation of diploid and tetraploid 
hepatocytes by centrifugal elutriation. Top: Unfractionated hepatocytes from a carcinogen-treated rat; hfiddle: elutriated fraction no. 2 (mainly diploid cells); Eollonz: elutriated fraction no. 4 (mainly tetraploid cells).
and it may well be an obligatory feature of liver carcinogenesis.
Possible Significance of Increased Diploidy. What could be the functional significance of increased diploidy in carcinogenesis? There is considerable evidence for oncogenic expression reflecting an imbalance between oncogenes and repressor genes. Deletion of repressor genes may be a predominant mechanism in natural carcinogenesis, with hemizygosity for a given repressor gene representing an 346 SEGLEN, SCHWARZE, AND SAETER TOXICOLOGIC PATHOLOGY intermediate, preneoplastic stage, and a homozygous loss of both alleles representing full neoplasia (4, 22, 24) . In a diploid genome, a single mutation may be sufficient to produce functional hemizygosity, whereas in a tetraploid genome the very unlikely occurrence of independent mutations in two copies of the gene would be necessary to produce the same effect. Similarly, a single oncogenic expressor mutation would be outnumbered three to one by normal alleles in a tetraploid genome, whereas the ratio would be one to one in a diploid genome. Initiation of carcinogenesis by generation of expressible mutations, would therefore be expected to occur in diploid cells only. The same argument would apply to subsequent steps in carcinogenetic development, where a tetraploid genome would be extremely strongly protected against multistep mutagenesis. Only diploid cells which have acquired an initiating mutation and a reduced tendency to polyploidize would possibly undergo a second change with expressible consequences. The relevance of increased diploidy can thus be accounted for, and it may even be considered that the ability to induce, directly or indirectly, defective polyploidization could be a prerequisite for a mutagenic chemical to be effective as a liver carcinogen.
But why would polyploidization-defective mutants show selective outgrowth during the early stages of carcinogenesis? One possibility is that ploidy is somehow connected with growth control, in the sense that polyploidization may represent a terminal differentiation with limited proliferation potential. Hepatocytes which have become constitutively diploid, or which have acquired a reduced polyploidization probability, wouId then have a growth ad-vantage. If this is true, any selection or promotion pressure that favors the outgrowth of a minority cell population over a period of time will simultaneously co-select for diploidy (enhanced proliferative capacity), with a consequently increased carcinogenic risk. Co-selection of diploidy may indeed be a common denominator for many of the promotional regimens shown to increase the probability of tumor formation in experimental liver carcinogenesis (10) . In addition, it is possible that there may be a linkage, chromosomal or otherwise, between the selector mutation and oncogenic mutations.
Reduced Aiitophagic Responsi~uness in Early Liver Carcinogenesis. Protein metabolism is an important determinant of cell growth (7, 8) , and might be expected to play a role in focal and nodular hyperplasia of liver carcinogenesis. As shown in Table  I , neither protein synthesis nor degradation of short; lived protein was altered in hepatocytes from car- Vol. 14, No. 3, 1986 PLOIDY I N LIVER CARCINOGENESIS 347 cinogen-treated rats, but overall degradation of longlived protein was significantly reduced, relative to normal cells. Inhibitor studies indicated that only the autophagic-lysosomal degradation pathway was affected (15), and direct measurements of the first step in the autophagic pathway using electroinjected ('4C)sucrose as a probe for intracellular sequestration (19), suggested that the amino acid-and 3-methyladenine-sensitive part of the sequestration was specifically diminished (Table I ). This would correspond to a reduction in autophagic activity (2) of approximately 50%, reflecting the failure of cells from the preneoplastic liver to respond adequately to amino acid deprivation.
To assess the functional significance of this reduced responsiveness, hepatocytes were cultured in an amino acid-free medium for 24 h r ( Table 111 ).
Most of the normal cells lost protein (14), and died of amino acid starvation within this period, apparently by committing "autophagic suicide" which was prevented by the autophagy inhibitor 3-methyladenine (3MA) (1 8). Cells from carcinogen-treated rats, in contrast, survived reasonably well, up to four times better than normal cells, for 24 hr even without 3MA.
These results demonstrate the importance of autophagy for hepatocytic protein conservation and survival. The possibility should be considered that reduced autophagic responsiveness of the preneoplastic liver, although apparently fairly generalized, may serve as a favorable, and possibly necessary, but not sufficient starting condition for the subsequent focal and nodular outgrowth of cells carrying additional growth-promoting alterations.
